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Now well into the third decade 
of the pandemic of human 

immunodeficiency virus (HIV) and 
AIDS, we have seen dramatic suc-
cesses in the treatment of HIV-
infected persons in the United 
States and many other countries. 
Yet the pandemic still rages, with 
2.7 million new infections in 2007. 
Indeed, for every infected person 
who began receiving antiretroviral 
therapy in 2007, 2.5 people were 
newly infected with HIV. Histori-
cally, vaccines have been among 
the most effective public health in-
terventions, preventing the spread 
of viral infections. But an HIV vac-
cine has thus far been elusive and 
the quest disappointing and frus-
trating, prompting some to won-
der whether an effective vaccine 
will ever be added to the HIV-pre-
vention toolbox.

Although many viral infections 
cause severe illness and even death 
over a period of days to weeks, 
such infections typically induce 
immune responses involving both 
neutralizing antibodies that pre-
vent further viral replication and 
cytotoxic T lymphocytes that rec-
ognize and eliminate infected 
cells that produce progeny virus. 
Such responses ultimately control 
and eliminate the virus effective-
ly. Immunologic memory is estab-
lished, and the person is left with 
protective immunity against sub-
sequent infection with the same 
virus; this immunity is usually 
complete and long lasting.

Typically, vaccine development 
is based on this successful experi-
ment of nature. An iterative ap-
proach of fundamental research 
coupled with empirical testing of 
immunogens leads to the identifi-
cation of a product that, when 

given in an appropriate formula-
tion and dose before exposure, 
induces immune responses that 
mimic the response to natural 
infection and protect recipients 
from the development of clinically 
apparent disease when they are 
exposed to the virus. Historically, 
the development of vaccines has 
relied heavily and successfully on 
empirical testing.

The situation is strikingly dif-
ferent with HIV infection. For the 
most part, the natural immune 
response against HIV is complete-
ly inadequate and, once primary 
infection is established, fails to 
eradicate the virus. With uncom-
mon exceptions, HIV disease is 
relentlessly progressive, and virtu-
ally no one has a spontaneous re-
covery. Unlike other viruses for 
which we have successful human 
vaccines, HIV quickly integrates 
itself into the DNA of the host 
cell, where, in some cells, it re-
mains latent and essentially invis-
ible to the immune system. Be-
cause latency is established very 
early — within days to weeks af-
ter infection — the window of 
opportunity wherein HIV remains 
vulnerable to eradication through 
the immune response is very 
short.1 Once latency is established, 
it has not yet been possible to 
eradicate the virus, even in pa-
tients receiving highly active anti-
retroviral therapy for extended 
periods.

The extraordinary mutability 
and resulting genetic diversity of 
HIV, which is substantially more 
complex than that of other hu-
man viruses, also present a formi-
dable obstacle to immune control. 
By the time the body produces 
antibodies directed at the outer 

HIV envelope protein, which is the 
key target for neutralizing anti-
bodies, the protein has mutated 
in such a way that the circulating 
antibodies cannot neutralize it. 
New antibodies are induced, but 
new mutations repeatedly enable 
the virus to evade the immune sys-
tem. Furthermore, although broad
ly neutralizing antibodies could 
persist in the host and potentially 
neutralize the virus even as it mu-
tates, these are rarely found in vivo 
and are apparently difficult to in-
duce, since their epitopes tend to 
be conformationally masked and 
not readily accessible for immune 
recognition and response.2

The initial empirical approach 
of immunizing with VaxGen’s 
AIDSVax, a recombinant form of 
the outer glycoprotein-120 (gp120) 
portion of the HIV envelope, which 
was based on a strategy that was 
successful with hepatitis B, failed 
to protect volunteers from infec-
tion, apparently because the vac-
cine did not induce broadly neutral
izing antibodies.3 A combination 
vaccine composed of priming dos-
es of Sanofi Pasteur’s vCP1521, a 
recombinant canarypox viral vec-
tor, followed by a boosting dose 
of both the vector and VaxGen’s 
AIDSVax, induces both T cells and 
antibodies and is now being test-
ed in a large-scale clinical trial 
in Thailand; results are expected 
at the end of 2009.

A successful vaccine will prob-
ably need to induce both broadly 
neutralizing antibodies and cyto-
toxic T lymphocytes. Since the for-
mer have remained elusive, how-
ever, empirical approaches have 
focused on vaccine candidates that 
primarily induce cytotoxic T lym-
phocytes. Such vaccines would 
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not be expected to prevent infec-
tion but could control virus levels, 
reduce the early destruction of 
CD4+ T cells in gut-associated 
lymphoid tissue, and delay disease 
progression, as has been seen in 
certain nonhuman-primate mod-
els.3 Furthermore, if persons im-
munized before being exposed to 
HIV were rendered less infectious 
because of decreased virus levels, 
the risk of secondary transmission 
might also be reduced. But several 
caveats need to be emphasized.

First, the concept that a “T-cell 
vaccine” can affect HIV disease in 
humans remains unproved. Only 
one T-cell vaccine, Merck’s MRKAd5 
HIV-1 gag/pol/nef trivalent vac-
cine, has been tested, in two effi-
cacy trials. The first was referred 
to as the STEP trial (ClinicalTrials.
gov number, NCT00095576) and 
was conducted in North America, 
South America, the Caribbean, 
and Australia; the second, called 
Phambili (ClinicalTrials.gov num-

ber, NCT00413725), was conduct-
ed in South Africa. Both trials 
were terminated ahead of sched-
ule when data from the STEP trial 
showed that the vaccine failed to 
prevent HIV infection and failed 
to lower virus levels in vaccinated 
volunteers who became infected. 
Unexpectedly, post hoc analyses 
of the STEP trial also found a 
trend toward a greater number of 
new infections among vaccine re-
cipients than among placebo recip
ients. The highest relative risk of 
HIV infection among vaccinees ap-
peared to be among men who, at 
enrollment, were both uncircum
cised and had naturally acquired 
neutralizing antibodies against the 
vaccine vector, adenovirus type 5 
— whereas no apparent increased 
risk of HIV acquisition was ob-
served among circumcised men 
with no neutralizing antibodies 
against the adenovirus at enroll-
ment.

The effectiveness of the im-

mune response to a T-cell vaccine 
may vary from person to person, 
just as the immune response to 
HIV infection does, and this vari-
ation may be strongly related to 
HLA haplotype.4 Thus, a T-cell 
vaccine may augment the body’s 
genetically determined natural 
ability to respond to HIV, result-
ing in varying levels of control 
that depend on the person’s HLA 
haplotype. In other words, such 
vaccines may only be effective in 
people with favorable HLA haplo
types.

Classic viral vaccines, such as 
those for polio, smallpox, and 
measles, enable the vaccinee to 
avoid the development of clinical 
disease, to clear the infection com-
pletely, and to remain protected 
against subsequent exposure to 
that virus. The vaccination of a 
substantial proportion of the pop-
ulation reduces the number of in-
fected people and the likelihood 
that a nonvaccinated person will 
come into contact with an infec-
tious person. This “herd effect” 
can result in a dramatic decrease 
in the spread of infection even 
when only a portion of susceptible 
persons are vaccinated. If an HIV 
vaccine does not prevent infection 
but instead slows disease progres-
sion by lowering virus levels, the 
probability of secondary transmis-
sion may be reduced but not elim-
inated. Some level of viral replica-
tion will probably remain. HIV 
will inevitably mutate and proba-
bly eventually escape from im-
mune control, increasing the risk 
of secondary transmission. Thus, 
any herd effect of a T-cell vaccine 
may be transient.

The failure of the first T-cell 
vaccine to affect the risk of infec-
tion or viral levels has led to a 
reexamination of the direction of 
the HIV-vaccine field and, in par-
ticular, of the balance between 
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fundamental-discovery research 
and more empirical development 
efforts. Since an empirical ap-
proach is less compelling for HIV 
than for other human viruses, 
from which it differs so funda-
mentally, this reexamination has 
pointed to a need to emphasize 
fundamental questions of HIV-
vaccine discovery and discovery-
related research.5

Understanding why the body 
does not readily develop broadly 
neutralizing antibodies during 
natural infection might suggest 
vaccine designs that induce such 
antibodies. In essence, we must 
do better than natural infection 
in inducing effective immune re-
sponses. The existence of rare 
monoclonal antibodies that pos-
sess broad neutralizing capability 
indicates that, although we have 
thus far failed to achieve it, induc-
tion of such antibodies should be 
possible. For example, x-ray crys-
tallography has revealed how HIV 
uses the CD4 receptor to enter 
cells and how the broadly neutral-
izing b12 antibody binds to part 
of the CD4-binding site to neu-

tralize HIV effectively. Determin-
ing the structure of the trimeric 
form of the envelope protein is 
currently a research priority and 
is expected to yield additional in-
sights. Efforts to design novel 
envelope immunogens include the 
use of a “scaffold” protein un
related to the HIV envelope to 
which conformation-dependent 
conserved regions of the envelope 
are added, ensuring their expo-
sure to and recognition by the im-
mune system.

Vaccine candidates that induce 
broadly reactive cytotoxic T lym-
phocytes and neutralizing anti-
bodies will not be effective unless 
the responses they elicit can con-
tain the virus during the narrow 
window of opportunity before vi-
ral latency is established. Better 
understanding of the earliest steps 
of HIV infection could elucidate 
the role of innate and mucosal 
immune responses in the control 
of HIV infection and suggest how 
those responses might be manip-
ulated — to widen the window of 
opportunity for viral eradication, 
to prevent HIV from advancing to 

the gut-associated lymphoid tis-
sue, or both.

We may not be able to develop 
an HIV vaccine that is highly ef-
fective in the classic sense of suc-
cessful viral vaccines. If we do, it 
will be in the face of enormous 
scientific challenges. To tackle 
these challenges we must turn to 
fundamental research to a degree 
that has not been required in the 
development of vaccines for other 
viral diseases. We remain cautious
ly optimistic that a substantial in-
crease in our understanding of 
HIV infection and disease will lead 
to creative ideas about how to de-
sign an effective HIV vaccine.
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Selected Obstacles to HIV-Vaccine Development and Their Implications.

Obstacles

The window of opportunity for the immune system to clear the initial infection is 
narrow, since HIV integrates and establishes latent infection within days or weeks.

Destruction of CD4+ T cells begins early after infection.

Enormous genetic diversity and mutations that occur with replication enable HIV to 
avoid immune surveillance.

Conserved antibody targets on the outer envelope protein are “hidden” from immune 
recognition.

Implications

Rational, empirical approaches to vaccine development have not been successful to date.

Fundamental questions regarding HIV disease and the host response to the virus 
need to be answered.

Fresh new ideas beyond the scope of classic vaccinology are urgently needed.

An interview with 
Anthony Fauci  
is available at 
www.nejm.org.
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